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Abstract²,WHUDWLYH IHHGEDFN WXQLQJ ,)7 PHWKRG LV D
GDWDGULYHQFRQWUROPHWKRGZKLFKFDQWXQHWKHSDUDPHWHUVRI
WKH V\VWHP FRQWUROOHU ZLWKRXW NQRZLQJ WKH V\VWHP PRGHO
3QHXPDWLFDUWLILFLDOPXVFOHV3$0VDUHIOH[LEOHDFWXDWRUVWKDW
DUHZLGHO\XVHG LQ WKH ILHOGRIUHKDELOLWDWLRQURERWVEHFDXVHRI
WKHLU IOH[LELOLW\ DQG OLJKW ZHLJKW +RZHYHU LWV QRQOLQHDULW\
GLIILFXOWPRGHOLQJDQGWLPHYDU\LQJSDUDPHWHUVPDNHLWGLIILFXOW
WRFRQWURO,QWKLVSDSHUDPRGHOIUHHDGDSWLYHLWHUDWLYHOHDUQLQJ
FRQWURO 0)$,/& PHWKRG EDVHG RQ ,)7 LV SURSRVHG IRU D
VWURQJQRQOLQHDUV\VWHPVXFKDV3$07KHPHWKRGREWDLQVWKH
G\QDPLFOLQHDUL]DWLRQPRGHORI3$0EHKDYLRUDFFRUGLQJWRWKH
G\QDPLF OLQHDUL]DWLRQ WKHRUHP WKHQ GHVLJQV WKH FRQWUROOHU
VWUXFWXUH DQG ILQDOO\ XVHV WKH ,)7 PHWKRG WR RSWLPL]H WKH
FRQWUROOHUSDUDPHWHUV7KHPHWKRGSURSRVHGLQWKLVSDSHUZDV
FRPSDUHG ZLWK WKH 0)$,/& PHWKRG 7KH VLPXODWLRQ UHVXOWV
VKRZWKDWWKHSURSRVHGPHWKRGKDVDIDVWHUFRQYHUJHQFHVSHHG
DQG VPDOOHU WUDFNLQJHUURUV LQ WKH GHVLUHG WUDMHFWRU\ WUDFNLQJ
FRQWURODQGLWVHIIHFWLYHQHVVLVDOVRYHULILHG

, ,1752'8&7,21
&RPSDUHG ZLWK WUDGLWLRQDO PDQXDO UHKDELOLWDWLRQ
URERWDVVLVWHG UHKDELOLWDWLRQ KDV PDQ\ DGYDQWDJHV VXFK DV
KLJKFRQWURO DFFXUDF\JRRG UHSHDWDELOLW\DQG PDQ\ WUDLQLQJ
PRGHV ,WKDVEHHQXVHG WRKHOS WKHHOGHUO\DQG WKHSDWLHQWV
ZLWK PRWRU GLVDELOLWLHV WR WUDLQ >@ 3QHXPDWLF DUWLILFLDO
PXVFOHV3$0LVDNLQGRIIOH[LEOHGULYHUZKLFKLVJHQHUDOO\
FRPSRVHG RI D UXEEHU WXEH ZLWK DQ DSSUR[LPDWH F\OLQGHU
LQVLGHDQGDULJLGILEHUEUDLGHGQHWRXWVLGH:KHQWKH30$LV
LQIODWHG LW ZLOO H[SDQG DQG SURGXFH FRQWUDFWLOH PRYHPHQW
:KHQGHIODWHGWKH30$ZLOOJUDGXDOO\UHWXUQWRWKHLURULJLQDO
VL]HDQGOHQJWK%HFDXVHRILWVDGYDQWDJHVRILPLWDWLQJKXPDQ
PXVFOHVLWKDVEHHQZLGHO\XVHGLQWKHILHOGRIUHKDELOLWDWLRQ
URERWV >@+RZHYHUGXH WR LWVQRQOLQHDUFKDUDFWHULVWLFVDQG
WLPHYDU\LQJ SDUDPHWHUV LW LV YHU\ GLIILFXOW WR FRQWURO LW
DFFXUDWHO\%HFDXVHWKHHVWDEOLVKPHQWRIPDWKHPDWLFDOPRGHOV
RI 3$0 LV GLIILFXOW LW LV GLIILFXOW WR DFKLHYH EHWWHU FRQWURO
HIIHFWV E\ XVLQJ WUDGLWLRQDO PRGHOEDVHG FRQWURO PHWKRGV

5HVHDUFKVXSSRUWHGE\1DWLRQDO1DWXUDO6FLHQFH)RXQGDWLRQRI&KLQD
XQGHU JUDQW QXPEHUV  DQG  DQG WKH 1DWXUDO 6FLHQFH
)RXQGDWLRQRI+XEHL3URYLQFH&)%
::XLVZLWK6FKRRORI,QIRUPDWLRQ(QJLQHHULQJ:XKDQ8QLYHUVLW\RI
7HFKQRORJ\/XRVKL5RDG:XKDQ&KLQDZHLIHQJZX#ZKXWHGXFQ
'/LLVZLWKWKH6FKRRORI,QIRUPDWLRQ(QJLQHHULQJ:XKDQ8QLYHUVLW\RI
7HFKQRORJ\/XRVKL5RDG:XKDQ&KLQDIUDQNOL#ZKXWHGXFQ
: 0HQJ LV ZLWK WKH 6FKRRO RI ,QIRUPDWLRQ (QJLQHHULQJ :XKDQ
8QLYHUVLW\RI7HFKQRORJ\/XRVKL5RDG:XKDQ&KLQDDQGWKH6FKRRO
RI(OHFWURQLFDQG(OHFWULFDO(QJLQHHULQJ8QLYHUVLW\RI/HHGV/HHGV/6
-78.HPDLOZHLPHQJ#ZKXWHGXFQZPHQJ#OHHGVDFXN
-=XRLVZLWK6FKRRORI,QIRUPDWLRQ(QJLQHHULQJ:XKDQ8QLYHUVLW\RI
7HFKQRORJ\/XRVKL5RDG:XKDQ&KLQD]XRMLH#ZKXWHGXFQ
4/LXLVZLWKWKH6FKRRORI,QIRUPDWLRQ(QJLQHHULQJ:XKDQ8QLYHUVLW\
RI7HFKQRORJ\/XRVKL5RDG:XKDQ&KLQDTXDQOLX#ZKXWHGXFQ
4$LLVZLWKWKH6FKRRORI,QIRUPDWLRQ(QJLQHHULQJ:XKDQ8QLYHUVLW\RI
7HFKQRORJ\/XRVKL5RDG:XKDQ&KLQDTLQJVRQJDL#ZKXWHGXFQ
7KHUHIRUH LW LV LPSRUWDQW WRILQGDFRQWUROPHWKRGWKDWGRHV
QRWUHTXLUHPRGHOLQJDQGFDQDFKLHYHKLJKHUFRQWUROSUHFLVLRQ
WRFRQWUROQRQOLQHDUV\VWHPVVXFKDV3$0
0RGHO)UHH $GDSWLYH &RQWURO 0)$& LV D QHZ
GDWDGULYHQFRQWUROPHWKRGSURSRVHGE\+RX>@,WVFRQWUROOHU
GHVLJQ DQG DQDO\VLV GR QRW UHTXLUH WKH XVH RI PRGHO
LQIRUPDWLRQRQO\WKHPHDVXUHPHQWRI,2GDWD7KHEDVLVRI
0)$& LV WKHG\QDPLF OLQHDUL]DWLRQ PHWKRG%\ LQWURGXFLQJ
WKHFRQFHSWRI3VHXGRSDUWLDOGHULYDWLYH33'WKHHTXLYDOHQW
G\QDPLF OLQHDUL]DWLRQ PRGHO LV HVWDEOLVKHG DW HDFK ZRUNLQJ
SRLQWRIWKHRULJLQDOQRQOLQHDUV\VWHPWRUHSODFHWKHRULJLQDO
V\VWHP7KH33'RIWKHPRGHOLVHVWLPDWHGRQOLQHE\XVLQJWKH
,2GDWDRIWKHV\VWHP2QWKLVEDVLVWKHDGDSWLYHFRQWUROODZ
LVGHVLJQHG>@&KLFRPELQHG0)$&ZLWKLWHUDWLYHOHDUQLQJ
FRQWURO LQKLVGRFWRUDOGLVVHUWDWLRQ LQ%DVHGRQDQHZ
LWHUDWLRQUHODWHGQRQSDUDPHWULFG\QDPLFOLQHDUL]DWLRQVFKHPH
WKHPRGHOIUHHDGDSWLYHLWHUDWLYHOHDUQLQJFRQWURO0)$,/&
PHWKRG ZDV SURSRVHG 7KH GHVLJQ DQG DQDO\VLV RI WKH
FRQWUROOHURQO\GHSHQGRQWKH,2GDWDRIWKHV\VWHPDQGLWLVD
PRGHOIUHH PHWKRG >@ 0HL HW DO DSSOLHG WKH 0)$,/&
PHWKRG WR WKHHTXDOL]DWLRQFRQWURO VLPXODWLRQH[SHULPHQWRI
WKHXUEDQH[SUHVVZD\PDLQDQGDX[LOLDU\URDGV\VWHPZKLFK
LPSURYHGWKHHIILFLHQF\RIWKHIDVWURDGV\VWHP>@,Q
=KDRDSSOLHGDPRGHOIUHHDGDSWLYHLWHUDWLYHOHDUQLQJFRQWURO
DOJRULWKP EDVHG RQ SDUWLDO IRUPDW G\QDPLF OLQHDUL]DWLRQ WR
QRQFLUFXODU WXUQLQJ WRRO IHHG V\VWHP >@ ,Q  WKH
PRGHOIUHHDGDSWLYHLWHUDWLYHOHDUQLQJFRQWURODOJRULWKPEDVHG
RQ IXOOIRUPDW G\QDPLF OLQHDUL]DWLRQ LV DSSOLHG WR WKH
QRQFLUFXODU WXUQLQJ V\VWHP>@ZKLFK LPSURYHV WKHSRVLWLRQ
HUURURIWKHV\VWHP$GLVWULEXWHGPRGHOIUHHDGDSWLYHLWHUDWLYH
OHDUQLQJFRQWUROPHWKRG LVSURSRVHG IRUDFODVVRIXQNQRZQ
QRQOLQHDU PXOWLDJHQW V\VWHPV ZKLFK HQVXUHV WKDW DOO DJHQWV
FDQWUDFNWKHUHTXLUHGWUDMHFWRULHV>@
,WHUDWLYH IHHGEDFN WXQLQJ ,)7 PHWKRG LV D PRGHOIUHH
PHWKRGGULYHQE\V\VWHP,2GDWDSUHVHQWHGE\WKH6ZHGLVK
VFKRODU + +MDOPDUVVRQ LQ  >@ DQG LV QRZ D ZHOO
HVWDEOLVKHGGHVLJQPHWKRGRORJ\>@7KHVSHFLILFLGHDRI
WKLVPHWKRGLVJLYHQWKHVWUXFWXUHRIWKHFRQWUROOHUEHIRUHKDQG
D /4*W\SH RSWLPDO SHUIRUPDQFH LQGH[ LV SURSRVHG IRU WKH
FRQWUROOHGV\VWHPDQGWKHH[SHULPHQWLVFRPSOHWHGLWHUDWLYHO\
RQ WKHFORVHGORRSV\VWHP7KHJUDGLHQWRI WKHSHUIRUPDQFH
LQGH[IXQFWLRQWRWKHFRQWUROOHUSDUDPHWHUVLVFDOFXODWHGZLWK
WKH REWDLQHG GDWD DQG WKHQ WKH *DXVV1HZWRQ LWHUDWLRQ
DOJRULWKP LV XVHG WR VHDUFK WKH FRQWUROOHU SDUDPHWHUV ZKLFK
PLQLPL]H WKH LQGH[ IXQFWLRQ DQG ILQDOO\ WKH FRQWUROOHU
SDUDPHWHUYHFWRUFRQYHUJHVWRWKHORFDOPLQLPXPSRLQW7KH
DGYDQWDJH LV WKDW LW FDQ OHDUQ DQG RSWLPL]H FRQWUROOHU
SDUDPHWHUV IURP UHSHWLWLYH VFHQDULRV ZLWKRXW NQRZLQJ WKH
DFWXDOV\VWHPUHVXOWLQJLQEHWWHUFRQWUROOHUSHUIRUPDQFH>
@,QDUREXVWLWHUDWLYHIHHGEDFNWXQLQJWHFKQLTXHZDV
SURSRVHGIRUUHSHWLWLYH WUDLQLQJFRQWURORIFRPSOLDQWSDUDOOHO
,WHUDWLYH)HHGEDFN7XQLQJEDVHG0RGHO)UHH$GDSWLYH,WHUDWLYH
/HDUQLQJ&RQWURORI3QHXPDWLF$UWLILFLDO0XVFOH
:HLIHQJ:X'D/L:HL0HQJMember, IEEE,-LH=XR4XDQ/LX4LQJVRQJ$L
DQNOH UHKDELOLWDWLRQURERWV >@ ,Q0DUFHOGHYHORSDQ
,)7 DSSURDFK ZLWK UREXVWQHVV FRQVWUDLQWV >@ ,QVWHDG RI
H[SORULQJ WKH FRQYHQWLRQDO PRGHOEDVHG DSSURDFKHV D
PXOWLSOH GHJUHHRIIUHHGRP FRQVWUDLQHG LWHUDWLYH IHHGEDFN
WXQLQJ&,)7PHWKRGLVSURSRVHG>@:DQJLQWURGXFHVWKH
LWHUDWLYH IHHGEDFN WXQLQJ LQWR D <RXOD SDUDPHWHUL]DWLRQ
VFKHPH IRU IDXOWWROHUDQW FRQWURO >@ $ PRGHOIUHH UREXVW
FRQWURO PHWKRG LQ IRUP RI LWHUDWLYH IHHGEDFN WXQLQJ LV
SURSRVHGWRWXQHWKHURERWFRQWUROOHUSDUDPHWHUV>@
7KHDSSOLFDWLRQRI 3$0GULYHQ UHKDELOLWDWLRQ URERWV KDV
EHFRPH PRUH ZLGHVSUHDG ,Q WKH UHFRYHU\ SURFHVV RI
UHKDELOLWDWLRQ URERWVDVVLVWHG IDVW WUDFNLQJ RI GHVLUHG
WUDMHFWRU\PHDQVWKDWWLPHRYHUKHDGFDQEHUHGXFHGZKLFKLV
YHU\ LPSRUWDQW IRU LPSURYLQJ FRQWURO SHUIRUPDQFH )DVW
WUDFNLQJ RI GHVLUHG WUDMHFWRU\ PHDQV LPSURYLQJ WKH
FRQYHUJHQFH VSHHG RI 0)$,/& +RZHYHU WKH FXUUHQW
UHVHDUFKRQ WKHFRQYHUJHQFHRI0)$,/&PHWKRG LV OLPLWHG
7KHFRQYHUJHQFHVSHHGRI WKH0)$,/&PHWKRGGHSHQGVRQ
WKH YDOXH RI WKH FRQWUROOHU SDUDPHWHUV :KHQ WKHUH LV QR
VXLWDEOHPHWKRGWRDGMXVWWKHFRQWUROOHUSDUDPHWHUVLWFDQRQO\
EHDGMXVWHGPDQXDOO\ZKLFKLVDJUHDWEXUGHQ,QWKLVSDSHUD
PRGHOIUHH DGDSWLYH LWHUDWLYH OHDUQLQJ FRQWURO PHWKRG EDVHG
RQ LWHUDWLYH IHHGEDFN WXQLQJ LV SURSRVHG ZKLFK FRPELQHV
0)$,/& ZLWK ,)7 7KLV PHWKRG FDQ DGMXVW WKH FRQWUROOHU
SDUDPHWHUVWRLPSURYHWKHFRQYHUJHQFHVSHHGRIWKHFRQWUROOHU
7KHVLPXODWLRQUHVXOWVVKRZWKHHIIHFWLYHQHVVRIWKHPHWKRG
7KH UHVW RI WKLV SDSHU LV DUUDQJHG DV IROORZV 6HFWLRQ ,,
LQWURGXFHVWKHGHVLJQRIWKHFRQWUROOHUDQGWKHWXQLQJPHWKRG
RI LWVSDUDPHWHUV ,Q6HFWLRQ ,,, VLPXODWLRQ H[SHULPHQWV DUH
FDUULHGRXW7KHFRQFOXVLRQLVGUDZQLQ6HFWLRQ,9
,, &21752//(5'(6,*1
A. Model-free Adaptive Iterative Learning Control  
&RQVLGHU D UHSHDWDEOH QRQOLQHDU GLVFUHWHWLPH 6,62
V\VWHPDVIROORZV
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ZKHUH   u k t DQG   y k t DUH WKH LQSXW DQG RXWSXW RI WKH
V\VWHP DW WLPH LQVWDQW t RI WKk LWHUDWLRQ  UHVSHFWLYHO\
  t N "  k Z  N LV D ILQLWH SRVLWLYH LQWHJHU un 
yn DUHWZRXQNQRZQSRVLWLYHLQWHJHUVUHSUHVHQWLQJWKHV\VWHP
RUGHU  f  UHSUHVHQWLQJDQXQNQRZQQRQOLQHDUIXQFWLRQ)RU
V\VWHPWKHFRQWUROREMHFWLYHLVWRILQGDVXLWDEOHERXQGHG
FRQWURO LQSXW VLJQDO WR DFW RQ WKH V\VWHP VR WKDW WKH V\VWHP
RXWSXWLVHTXDOWRWKHJLYHQGHVLUHGWUDMHFWRU\
0DNHWKHIROORZLQJDVVXPSWLRQVIRUV\VWHP
$VVXPSWLRQ   7KH V\VWHP  LV REVHUYDEOH DQG
FRQWUROODEOHLHWKHUHH[LVWVDERXQGHGFRQWUROLQSXWVLJQDO
ZKLFK PDNHV WKH RXWSXW RI WKH V\VWHP HTXDO WR WKH JLYHQ
GHVLUHGWUDMHFWRU\GULYHQE\WKHFRQWUROLQSXWVLJQDO
$VVXPSWLRQ   7KH SDUWLDO GHULYDWLYHV RI  f  ZLWK
UHVSHFWWRFRQWUROLQSXWV   u k t LVFRQWLQXRXV
$VVXPSWLRQ6\VWHPLVJHQHUDOL]HG/LSVFKLW]IRUDOO
  t N " DQG k Z ZKHQ   u k t' z WKDWLV
       y k t b u k t'  d ' 
ZKHUH         y k t y k t y k t'       
        u k t u k t u k t'     b LVDILQLWHSRVLWLYHFRQVWDQW
7KH DERYH WKUHH DVVXPSWLRQV DUH UHDVRQDEOH DQG
DFFHSWDEOH $VVXPSWLRQ  LV WKH EDVLF DVVXPSWLRQ WKDW D
JHQHUDO QRQOLQHDU V\VWHP VKRXOG VDWLVI\ $VVXPSWLRQ 
LQFOXGHV D ODUJH FODVV RI QRQOLQHDU V\VWHPV $VVXPSWLRQ 
JLYHV WKH UHODWLRQVKLS EHWZHHQ WKH LQSXW LQFUHPHQW DQG WKH
RXWSXWLQFUHPHQWRIWKHV\VWHPDORQJWKHLWHUDWLRQD[LVDWDQ\
WLPHGXULQJDQ\PRWLRQF\FOH7KHH[LVWHQFHRIWKHFRQVWDQW b 
LVDOLPLWDWLRQRQWKHRXWSXWYDULDWLRQRIWKHV\VWHPWKDWLVD
ILQLWH FKDQJH LQ LQSXW HQHUJ\ FDQ RQO\ EULQJ DERXW D ILQLWH
FKDQJHLQRXWSXWHQHUJ\ZKLFKLVFOHDUO\WUXHIRUDODUJHFODVV
RIQRQOLQHDUV\VWHPV
/HPPD  &RQVLGHU QRQOLQHDU V\VWHP  VDWLVI\LQJ
$VVXPSWLRQ  )RU DQ\    u k t' z  WKHUH H[LVWV D
SDUDPHWHU   k tI VRWKDW
         y k t k t u k tI'   ' 
ZKHUH   k tI LV FDOO SVHXGRSDUWLDO GHULYDWLYH 33' ZKLFK
VDWLVILHV   k t bI d )RUGHWDLOHGFHUWLILFDWLRQSURFHVVSOHDVH
UHIHUWRWKHOLWHUDWXUH>@
B. Iterative Feedback Tuning  
$VVXPHWKDWDQRQOLQHDUV\VWHPFDQEHGHVFULEHGDV>@
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:KHUH WKH :KHUH  f  LV DQ XQNQRZQ QRQOLQHDU IXQFWLRQ
 z t LV WKH LGHDO RXWSXW RI WKH FRQWUROOHG REMHFW JHQHUDOO\
LQWHUIHUHGE\WKH  v t   y t LVWKHDFWXDORXWSXWRIWKHV\VWHP
 u t LV WKHFRQWURO LQSXW WKH LQWHJHUV zn  un DUH WKH V\VWHP
RUGHU DQG WKHLU YDOXHV KDYH QR HIIHFW RQ WKH WXQLQJ RI WKH
FRQWUROOHUSDUDPHWHUVGRQRWKDYHWREHNQRZQ
,Q RUGHU WR FRQWURO WKH FRQWUROOHG REMHFW VHOHFW WKH
FRQWUROOHUDVIROORZV
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ZKHUH  r t LV WKH UHIHUHQFH LQSXW DQG U DUH WKH FRQWUROOHU
SDUDPHWHUVZKLFKZHZDQWWRWXQH
7KHSXUSRVHRIWKHFRQWUROLVWRDGMXVWWKHSDUDPHWHU U WR
PHHW WKH FRQWURO WDUJHW DQG WKH IROORZLQJ SHUIRUPDQFH
LQGLFDWRUVVKRXOGEHPHW
            y d uJ E L y y E L u
OU U Uª º ª º  ¬ ¼ ¬ ¼ 
ZKHUH yL  uL DUHILOWHUV y uL =L  LVXVXDOO\VHOHFWHGIRU
FRQYHQLHQFHRIFDOFXODWLRQ O LVXVHG WRDGMXVW WKHEDODQFH
EHWZHHQFRQWUROSHUIRUPDQFHDQGFRQWUROHIIHFWDQGXVXDOO\
WKH SHUIRUPDQFH LQGLFDWRU FDQ DOVR EH ZLWKRXW WKH FRQWURO
VLJQDO
7KH DSSUR[LPDWH YDOXH REWDLQHG E\ PLQLPL]LQJ WKH FRVW
IXQFWLRQIRUVLPSOLFLW\ O  
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   i i d iJ E y y yU U Uª ºc w w  ¬ ¼  
7KH DSSUR[LPDWH YDOXH RI U FDQ EH REWDLQHG E\ WKH
IROORZLQJIRUPXOD
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ZKHUH iJ LV D SRVLWLYH YDOXH LQGLFDWLQJ WKH VWHS VL]H RI WKH
FRQWUROOHU SDUDPHWHU RSWLPL]DWLRQ DQG iR LV D PDWUL[ WKDW
VHDUFKHVIRUWKHFRQWUROOHUSDUDPHWHUWRZDUGWKHRSWLPL]DWLRQ
GLUHFWLRQ +HUH WKH *DXVV1HZWRQ RSWLPL]DWLRQ VWUDWHJ\ LV
XVHGZKLFKLVUHSUHVHQWHGE\WKHIROORZLQJIRUPXOD
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$FFRUGLQJWRWKHGLIILFXOW\LQILQGLQJ  J Uc LVKRZWR
REWDLQ  y Uc  %HFDXVH WKH V\VWHP  LV XQNQRZQ  y Uc 
FDQQRWXVXDOO\EHDFFXUDWHO\FDOFXODWHGVRLWPXVWEHREWDLQHG
LQRWKHUZD\V7KH ,)7PHWKRGRQO\QHHGV WKHV\VWHP
V ,2
GDWDWRJHW  y Uc 7KHIROORZLQJLVDEULHIVWHSSOHDVHUHIHUWR
WKHOLWHUDWXUH>@IRUGHWDLOV
$UHIHUHQFHVLJQDOLVLQSXWWRWKHV\VWHPWRFRPSOHWHWKH
ILUVW H[SHULPHQW WKHUHE\ REWDLQLQJ D VHW RI WUDMHFWRU\
VHTXHQFHV^ `       y t u t r t $WWKLVWLPHWKHV\VWHPFDQEH
GHVFULEHGE\7D\ORUH[SDQVLRQDORQJWKHWUDMHFWRU\
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6LPLODUO\ WKH FRQWUROOHU FDQ DOVR EH GHVFULEHG E\ WKH
7D\ORUH[SDQVLRQDORQJWKHILUVWH[SHULPHQWDOWUDMHFWRU\
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6LQFHWKHFRQWUROOHULVDVVXPHGWREHXVHGWRVWDELOL]HWKH
V\VWHP WKH QRQOLQHDU V\VWHP FDQ EH GHVFULEHG DV D OLQHDU
WLPHYDU\LQJV\VWHPZKHQWKHUHIHUHQFHVLJQDOZHXVHLVYHU\
FORVH WR WKH UHIHUHQFHVLJQDOXVHG LQ WKH ILUVWH[SHULPHQWDV
VKRZQLQ)LJ
)RUFRQYHQLHQFHWKHIROORZLQJGHILQLWLRQVDUHLQWURGXFHG

)LJXUH /LQHDUL]DWLRQVWUXFWXUHRIDQRQOLQHDUV\VWHP
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DQG  unf t   yng t   rng t DQGDUHGHILQHGDQDORJLFDOO\
)URP)LJWKHV\VWHPFDQEHUHZULWWHQWR
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,QWURGXFHWKHOLQHDUL]HGFORVHGORRSV\VWHP
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  cG TF FS  
,QVXPPDU\  y Uc FDQEHREWDLQHGE\
 ^ `  ^ `        cTy y F g y r G g y rFS T Tc cc c '    
:HFDQVXPPDUL]HWKHFDOFXODWLRQVWHSVRIWKHFRQWUROOHU
SDUDPHWHU U DVIROORZV
 &RPSOHWH WKH ILUVW H[SHULPHQW ZLWK r WR JHW WKH
WUDMHFWRU\^ `   y u r 
&DOFXODWH ^ `  g y r c DQGILOWHUWKHUHVXOWE\ T 
 &RPSOHWH D VHULHV RI H[SHULPHQWV ZLWK
^ `   r r g y r TK KN c    GLPK U " WR REWDLQ yK  7KH
FRQVWDQW KN VKRXOGEHFKRVHQVRWKDW rK LV³FORVH´WR r 
&DOFXODWH  y y yK K KNc   
8SGDWHWKHFRQWUROOHUSDUDPHWHU U E\
)URP WKLV WKH FRQWUROOHUSDUDPHWHU U RSWLPL]HGE\ ,)7
FDQEHREWDLQHG
C. Controller Design and Parameter Tuning  
7KHSXUSRVHRI WKHFRQWUROOHUGHVLJQLV WR ILQGDVXLWDEOH
FRQWUROLQSXWZKLFKLVWKDWWKHRXWSXWRIWKHV\VWHPHTXDOVWKH
H[SHFWHGRXWSXW&RQVLGHUWKHIROORZLQJFULWHULDIXQFWLRQ
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ZKHUH O LVDZHLJKWLQJFRHIILFLHQW6XEVWLWXWLQJ LQWR WKH
FULWHULRQ IXQFWLRQ DQG XVLQJ WKH RSWLPDO FRQGLWLRQ
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ZKHUH k tU LV WKHVWHS IDFWRUDQG LV WKH OHDUQLQJ ODZRI
PRGHOIUHHDGDSWLYHLWHUDWLYHOHDUQLQJFRQWURO6LQFH   k tI LV
XQNQRZQ LW QHHGV WR EH HVWLPDWHG RQOLQH &RUUHVSRQGLQJO\
WKHOHDUQLQJFRQWUROODZLVUHZULWWHQDV
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7KH FULWHULRQ IXQFWLRQ IRU WKH HVWLPDWHG YDOXH Ö  k tI RI
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ZKHUH P ! LVSRVLWLYHZHLJKWLQJ IDFWRU8VLQJ WKHRSWLPDO
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ZKHUH k tK LV WKH VWHS IDFWRU ,Q RUGHU WR HQVXUH WKDW WKH
G\QDPLFOLQHDUL]DWLRQPRGHODORQJWKHLWHUDWLYHD[LVLVDOZD\V
WUXHDQGKDVEHWWHUWUDFNLQJDELOLW\IRUWLPHYDU\LQJSDUDPHWHUV
WKHIROORZLQJUHVHWDOJRULWKPQHHGVWREHLQWURGXFHG
 Ö Ö Ö     LI    RU    k t t k t u k tI I I H Hd ' d  
ZKHUH H LV D VPDOO SRVLWLYH FRQVWDQW )RU WKH VWDELOLW\ DQG
FRQYHUJHQFH DQDO\VLV RI WKH FRQWUROOHU SOHDVH UHIHU WR WKH
OLWHUDWXUH>@
%\ZHKDYH
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ZKHUH         k t k t k tU U I O I  
)URP WKHGHVLJQRI WKH QRQOLQHDUFRQWUROOHU   u k t 
KDVRQO\RQHFRQWUROOHUSDUDPHWHU U WREHRSWLPL]HGDQGZH
FDQXVH WKH ,)7 PHWKRG7KH WXQLQJ VWHSV IRU WKHFRQWUROOHU
SDUDPHWHU U DUHDVIROORZV
&RPSOHWHWKHILUVWH[SHULPHQWZLWKWKHUHIHUHQFHLQSXW
VLJQDO   kr t WRREWDLQWKHWUDMHFWRU\^ `       k k ky t u t r t 
 &DOFXODWH ^ `       k k dg y r =y t y k tUc     ZH
KDYH            k k dr t r t y t y k t TN         OHW
WKHILOWHU T  
 &RPSOHWH WKH H[SHULPHQW ZLWK  kr t  DQG ZH JHW
 ky t  
&DOFXODWHE\     k k ky y y Nc   WRJHW  y Uc 
6XEVWLWXWHDQGJHW iJ Uw w 
6HOHFWPDWUL[ R E\
8SGDWHWKHFRQWUROOHUSDUDPHWHU U E\
,,, 6,08/$7,215(68/76$1'$1$/<6,6
,QRUGHUWRYHULI\WKHFRQWUROHIIHFWRIWKHSURSRVHGPHWKRG
VLPXODWLRQH[SHULPHQWVZHUHFRQGXFWHGLQZKLFKZHLQWURGXFH
WKHIROORZLQJV\VWHPDVWKHFRQWUROREMHFW
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ZKHUH     a t round t u LV WKH V\VWHP WLPHYDU\LQJ
SDUDPHWHU DQG   VLQ  t t] S LV WKH UHSHWLWLYH LQWHUIHUHQFH
2EYLRXVO\WKHV\VWHPLVDQRQOLQHDUGLVFUHWHWLPHV\VWHPDQG
ERWKWKHSDUDPHWHUVDQGWKHVWUXFWXUHDUHWLPHYDU\LQJ
7KHGHVLUHGWUDMHFWRU\LVVHWWR
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7KH RULJLQDO 0)$,/& PHWKRG LV XVHG WR FRQWURO WKH
V\VWHP7KHSDUDPHWHUVRIWKH0)$,/&FRQWUROOHUDUHVHOHFWHG
DV O    k tU   P    k tK   DQG WKH LQLWLDO 33' LV
Ö iniI  7KHVLPXODWLRQUHVXOWVDUHVKRZQLQ)LJDQG)LJ
,Q)LJWKHUHGVROLGOLQHLQGLFDWHVWKHGHVLUHGWUDMHFWRU\DQG
WKH GRWWHG OLQH LQGLFDWHV WKH DFWXDO RXWSXW WUDMHFWRU\ GXULQJ
GLIIHUHQWLWHUDWLRQV,WFDQEHVHHQIURP)LJDQG)LJWKDW
ZLWKFRQWLQXRXVLWHUDWLRQWKHPD[LPXPWUDFNLQJHUURULV
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)LJXUH &RQYHUJHQFHFXUYHRIPD[LPXPWUDFNLQJHUURUXVLQJ0)$,/&
FRQWLQXRXVO\UHGXFHGDQGILQDOO\FRQYHUJHVWRWKHDOORZDEOH
UDQJH WKH DFWXDO WUDMHFWRU\ JUDGXDOO\ WUDFNV WKH GHVLUHG
WUDMHFWRU\DQGWKHWUDMHFWRU\FDQFRPSOHWHO\WUDFNWKHGHVLUHG
WUDMHFWRU\ZLWKLQDILQLWHWLPH
7KH V\VWHP LV FRQWUROOHG E\ WKH ,)7EDVHG 0)$,/&
PHWKRGSURSRVHG LQ WKLVSDSHU7KHSDUDPHWHUV UHTXLUHG IRU
LWHUDWLYH IHHGEDFN WXQLQJ DUH VHW WR O   J  
N  DQGWKHLQLWLDOYDOXHRIWKHWXQLQJSDUDPHWHUVLVVHW
WR iniU  7KHVLPXODWLRQUHVXOWVDUHVKRZQLQ)LJDQG
)LJ$IWHU WKHVLPXODWLRQ LVRYHU WKH,)7EDVHG0)$,/&
FRQWUROOHUSDUDPHWHUVLV U  ,WFDQEHVHHQIURP)LJ
DQG)LJWKDWWKHPHWKRGSURSRVHGLQWKLVSDSHUFDQDOVR
UHDOL]HWKHSURJUHVVLYHWUDFNLQJRIWKHDFWXDOWUDMHFWRU\WRWKH
GHVLUHGWUDMHFWRU\DQGDFKLHYHWKHIXOOWUDFNLQJRIWKHGHVLUHG
WUDMHFWRU\LQDOLPLWHGWLPH&RPSDULQJ)LJZLWK)LJWKH
SURSRVHG PHWKRG KDV IDVWHU FRQYHUJHQFH VSHHG DQG EHWWHU
WUDFNLQJ HIIHFW WKDQ WKH RULJLQDO 0)$,/& PHWKRG DQG WKH
,)7EDVHG0)$,/&QHHGVWRVHWWKHLQLWLDOYDOXHOHVVWKDQWKH
0)$,/&:KHQLWHUDWLQJWLPHVWKHSURSRVHGPHWKRGFDQ
WUDFN WKHH[SHFWHG WUDMHFWRU\ZHOODQG WKH WUDFNLQJ UHVXOWRI
WKHRULJLQDO0)$,/&PHWKRGKDVDODUJHHUURU
7KHFRPSDULVRQRIWKHPD[LPXPWUDFNLQJHUURUFXUYHRI
WKH SURSRVHG PHWKRG ZLWK WKH RULJLQDO 0)$,/& PHWKRG LV
VKRZQLQ)LJ$VFDQEHVHHQLQWKHILJXUHWKHPD[LPXP
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WUDFNLQJHUURURIWKHSURSRVHGPHWKRGLQWKHWKLWHUDWLRQLV
DOPRVW WKHVDPHDV WKDWRI WKH0)$,/&PHWKRG LQ WKHWK
LWHUDWLRQ)URP WKHSRLQWRIYLHZRI FRQYHUJHQFH VSHHG WKH
SURSRVHGPHWKRGLVIDVWHUWKDQWKH0)$,/&PHWKRG)URPWKH
SHUVSHFWLYH RI PD[LPXP WUDFNLQJ HUURU WKH PD[LPXP
WUDFNLQJHUURURIWKHSURSRVHGPHWKRGLVVPDOOHUWKDQWKDWRI
WKH 0)$,/& PHWKRG 7KHUHIRUH WKH SURSRVHG PHWKRG LV
EHWWHU WKDQ WKH RULJLQDO 0)$,/& PHWKRG 7KH UHVXOWV VKRZ
WKDW IRU WKH VWURQJ QRQOLQHDU V\VWHPV VXFK DV 3$0 WKH
SURSRVHG PHWKRG FDQ WUDFN WKH GHVLUHG WUDMHFWRU\ ZHOO DQG
HQVXUH WKH FRQWURO DFFXUDF\ 7KLV LV LPSRUWDQW IRU SUHFLVH
FRQWURORIWKH3$0
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,Q WKLV SDSHU D PRGHOIUHH DGDSWLYH LWHUDWLYH OHDUQLQJ
FRQWUROOHUEDVHGRQ LWHUDWLYH IHHGEDFN WXQLQJDOJRULWKPDQG
LWV SDUDPHWHU WXQLQJ PHWKRG LV SURSRVHG )LUVWO\ WKH
QRQSDUDPHWULF G\QDPLF OLQHDUL]DWLRQ SULQFLSOH LV XVHG WR
EXLOGDG\QDPLFPRGHO%DVHGRQWKLVWKHFRQWUROOHUVWUXFWXUH
LV GHVLJQHG 7KHQ WKH ,)7 DOJRULWKP LV XVHG WR WXQH WKH
SDUDPHWHUVRIWKHFRQWUROOHUVRWKDWDSHUIRUPDQFHLQGH[RI
WKH V\VWHP FDQEHRSWLPL]HG&RPSDUHG ZLWK WKH0)$,/&
PHWKRG WKH PHWKRG SURSRVHG LQ WKLV SDSHU QHHGV IHZHU
SDUDPHWHUVWRVHW WKHLQLWLDOYDOXHDQGWKH WXQLQJPHWKRGLV
VLPSOH,W LPSURYHVWKHFRQYHUJHQFHVSHHGRIWKHDOJRULWKP
ZKLOH UHGXFLQJ WKH WUDFNLQJ HUURU 7KH VLPXODWLRQ UHVXOWV
VKRZWKDWWKHSURSRVHGPHWKRGLVHIIHFWLYHDQGUHDVRQDEOH,Q
WKH IXWXUH WKH SUREOHP RI 3$0GULYHQ UHKDELOLWDWLRQ URERW
WUDFNLQJYDULDEOHUHIHUHQFHWUDMHFWRU\ZLOOEHVWXGLHGVRDVWR
RYHUFRPH WKH OLPLWDWLRQ RI WZR EDVLF DVVXPSWLRQV RI
WUDGLWLRQDO LWHUDWLYH OHDUQLQJ FRQWURO PDNH WKH FRQWURO
FRQGLWLRQV FORVHU WR UHDOLW\ DQG LPSURYH WKH FRQWURO
SHUIRUPDQFHDQGDSSOLFDWLRQVFRSHRIWKHURERW
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